Holography has become of increasing interest in recent years with developments in many areas such as data storage and interferometry. Photopolymer materials such as acrylamide-based photopolymers are ideal materials for the recording of holographic optical elements, as they are inexpensive and self-processing. There are many experiments reported in the literature that describe the diffraction efficiency and angular selectivity of various materials. The majority of these discuss the performance of the holographic optical element after the recording stage. It has been noted however, sometimes, the recording beams are seen to modulate in intensity during fabrication of the grating. In this paper we discuss our current work and improvements on our previous model. This paper incorporates the growth of an absorption grating during the recording process and deals with a non-ideal beam ratio illustrating the effects this has on the modulation. Our new model attempts to better explain the modulation of the recording beams during grating formation resulting in a more accurate approximation to this behaviour.
INTRODUCTION
When recording a sinusoidal un-slanted holographic grating it has been observed, without explanation, that the intensities of the two transmitted beams fluctuate in an almost sinusoidal fashion with one beam increasing in intensity while the other decreases in a regular manner 1 . Furthermore this variation in the intensities does not always occur. Following an earlier paper 1 on the modulation of the recording beams this paper provides a possible explanation for this behaviour. Further analysis of the recording process is carried out, mathematical models of this behaviour are proposed and the resulting predictions are compared with experimental data. We attempt to take into account three major effects. Namely, the motion of the grating with respect to the two exposing beams, the time varying absorption of the photopolymer material due to the bleaching of the photosensitive dye and the growth of the grating itself including the increase in strength of the refractive index and therefore the grating strength 2 . As a grating is being grown there is an absorption grating growing simultaneously due to the reduction in dye concentration in the exposed regions of the grating. In this paper the creation of this absorption or lossy grating is taken into account in our model in an attempt to increase the accuracy of the analysis. We propose that the variations in the transmitted recording intensities are caused mainly by the combination of these effects. We have carried out experiments to examine the validity of our proposed model. The first experiment involves measuring the transmitted intensities of the two exposing beams to examine their variation as a function of time. The second examines the effect absorption caused by the dye has on the beams. The third experiment examines the variation in the beams caused by the growth of the phase grating. The final experiment carried out involves the measurement of the effects the motion of the grating has on the two beams. We will show that our model predicts the intensities of the beams throughout the recording process through the combination of the effects mentioned above. This first order model is shown to be in general agreement with experimental data. In conclusion, in this paper we report on our theoretical and experimental results and claim that they appear to support the validity of our model.
TRANSMITTED BEAM INTENSITY VARIATIONS
In this section we will briefly outline the experimental procedure used to examine the variations of the two recording beams during the recording of a grating. Shown in Figure 2 .1 is the experimental set up which enables both of the transmitted beams to be observed during recording 3 . Using the optical detectors the power of both the beams were first measured before they entered the grating. The detectors were then repositioned to measure the power in the transmitted beams giving information about the effect the material has on the beams. The grating recorded is an un-slanted sinusoidal transmission volume hologram, as shown in The two detectors are used to monitor the transmitted light intensity of the recording beams in real time with an appropriate number of samples per second, and the data is processed using LabView
5 . An example of the experimental data obtained is shown in Figure 2 .2. We note that a less than ideal mechanical stable plate holder was used during this experiment. This experimental data is used as the basis of our discussion in this paper. As can be seen the intensity of I R is greater than that of I S , so that our analysis can show the effects of a non-ideal beam ratio. 
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We begin by recalling that in Kogelnik's paper 2 the expressions for the amplitudes of the spatial modulation of the average dielectric and conductivity are as shown here in Equations (2.1) and (2.2). These are used to formulate an expression for the coupling constant, κ. As can be seen in Equation (2.4) the coupling constant κ, has a real and an imaginary part. The real part corresponds to a refractive index modulation, while the imaginary part corresponds to the lossy grating. We now discuss the absorption experiment in more detail.
ABSORPTION PARAMETERS (
As was mentioned earlier, the major effects involved in the recording of a grating must be separated to enable a model for the modulation of the recording beams to be constructed. The first of these effects to be analysed was the variation of the absorption of the material with time α 0 . A single beam was passed through several of our standard material layers and the transmitted intensity was measured over time. Numerous repetitions of this experiment were carried out and an average plot was obtained. This absorption takes place because of the photosensitive dye present in the material. As the light is passed through the material, the dye undergoes an oxidation reaction. The dye absorbs a photon in the presence of the electron donor, which then produces free radicals. These cause the polymerisation of the Acrylamide (i.e. the photopolymer), which causes a density variation in the material. This gives rise to a change in the refractive index and in the case of illumination by an interference pattern, the recording of a hologram. The absorbance of light by the dye is necessary to produce the photochemical reaction. At the early stages of exposure more light is absorbed as there is more dye available to absorb the photons, but as the dye is used up (bleached), more and more of the light passes through the material. This is the reason for the increase in transmitted intensity with time.
To estimate a value for the absorption coefficient, α 0 of the material the data obtained from these experiments was processed. When the exposure begins the light passes through the material and then hits the detector, which measures its intensity.
The first values obtained are non-zero as the material is slightly transparent to start with. The material begins to absorb the laser light as soon as it is incident upon it and a fit to the data obtained is shown in Figure 3 .1. As was mentioned earlier the creation of a lossy grating occurs as the grating is being formed where α 1 is the absorption associated with it. It is π out of phase with the lossless refractive index grating. This plot is constructed using Equation (3.3)
where p = 0.04 q = 0.06 and A = 1. When the light is incident upon the material the dye absorbs some of the light in the bright regions and the monomer becomes polymerised. From Figure (3.3) we propose that the absorption, α 1 initially increases in region t1, as there is an abundance of dye in the bright region. The dye concentration is being used up by the exposure of the light, therefore eventually the lossy amplitude reaches a maximum at region t2, and then starts to decrease as the dye available in the bright region is used up and the dye is bleached throughout the volume. The lossy grating amplitude continues to decrease as shown in region t3. Next we examine the effect of the growth of the grating on the modulation of the two recording beams.
COUPLING CONSTANT (κ )
As a grating is formed by the creation of a modulation in refractive index n 1 or in absorption, α 1 , there is a coupling between the reference and object (signal) waves, which are used to record the grating. This coupling constant κ, is the central parameter in the Coupled Wave Theory 2 . For κ = 0 there is no coupling and therefore there is no diffraction. To enable a value for κ to be obtained from the data, Growth Curves 6,10 were captured. Of particular interest is the point in time when no monomer remains in the layer (it has all been polymerised) and the grating formation stops. After this time the refractive index of modulation, n 1 , has reached its maximum saturation value and, like κ, the value remains constant. Such a measurement can be carried out independent of absorption effects by use of a probe beam of a different wavelength and when using a single replay beam relative motion of the grating has little effect. When the growth curve saturates the growth of the grating ceases. In this analysis the saturation occurs at an exposure time of about eighty-two seconds. After this point, n 1 , remains constant. To increase the accuracy of our estimates, the growth curve was corrected to allow for Fresnel reflections at the boundaries of the material 7, 8 . As the refractive index of air is different to that of the material, there is a change in the angle of the incident beam. Also reflections from the surfaces of the glass plate reduce the intensity of the transmitted beam. This reduction in intensity will change the overall diffraction efficiency and therefore the Growth Curve. Using Snells Law, Equation (4.1) the angle at which the light travels within the material can be calculated. where n r is the refractive index of the material the light is passing into (holographic layer/air), n i is the refractive index of the material the light is passing from, (air/ holographic layer), sin(θ i ) is the sine of the angle of incidence to the normal at the boundary, and sin(θ r ) is the sine of the refracted angle inside the material which we wish to calculate. In all the results reported here we set n i the refractive index of free space ≅ 1 and n r the refractive index of the glass plates ≅ 1.5. 
where we use the Kogelnik notation. Applying this equation to the data gives a value for the saturated n 1 . The time varying form of Equation (2.4), as shown in Equation (4.3), is a slight variation of that used in Kogelnik's paper for the time independent expression for the coupling constant. Assuming that we are dealing with the saturated region and that there is no lossy grating a value for the coupling constant κ can easily be found The resulting saturation value of refractive index modulation is n 1 = 0.0302. If κ i is assumed to be negligible as was assumed in the previous paper then a value for κ r can be calculated and it was found to have a value of 1.95 x 10 -5 m -1 at 633nm.
Using this value for κ r , we can obtain a time varying value for the grating strength at saturation from the equation The fourth experiment carried out examines the effect that mechanical vibration has on the intensities of the two recording beams. This experiment uses the saturation region of the experimental data. When α 0 = α 1 = 0 and n 1 is a maximum. We now discuss this experiment in detail.
EFFECTS OF MECHANICAL VIBRATION
A lot of emphasis is placed on reducing mechanical vibration in holographic recording set-ups, for example the use of a floating optical table. The reason for trying to minimise these effects is because vibrations decrease the visibility of the recorded grating fringes due to smearing effects. The gratings recorded during this work were fabricated with a spatial frequency of 1000 lines/mm; therefore a relative in plane motion of the plate during exposure with an amplitude of 0.5µm could potentially eliminate the grating. We have carried out a series of experiments using plate holders with different levels of mechanical stability (rigidity). We note that the experimental results shown in Figure 2 .2 were produced using a poor holder, which was not rigid. Therefore large vibrational motion was possible. The mechanical shutters, used at the start of the exposure, have been found to be a significant source of vibration noise in the optical set-up. This noise has been minimised using a rubber damping material. For the particular experimental result shown in Figure 2 .2 it can be seen however that that there is a large intensity oscillating during the recording process. Following a long period of exposure, (by which time the grating is fully formed and absorption effects do not vary with time), the main cause for the intensity fluctuations appears to be mechanical vibration 10 . The early part of the data, which contains absorption and grating growth appearing at the beginning of Figure 2 .2 have been removed for illustration purposes, the time scale being shifted by eighty-two seconds. An electromagnetic model, describing the transmitted intensity from a lossless grating replayed simultaneously by two beams, was constructed by applying appropriate replay conditions to Kogelniks Couple Wave theory 2 . This model was first used to determine the form of the relative motion of the grating. In order to understand the physical situation we measured the average intensity values of the two beams shown in Figure  2 .2. The values found are I av1 = 0.56; I av2 = 0.4. I av1 is the R beam intensity and I av2 is the S beam intensity. The amplitudes r and s depend on the replay boundary conditions 2 . In this case they are given by r = √I av1 ; s = √I av2 .
For an unslanted transmission grating the obliquity factors c R and c S are equal to cosθ B , where θ B is the incident angle which satisfies the Bragg condition inside the hologram (which is always the case for the recording beams). For our theory they are equal due to the symmetric illumination used when recording unslanted gratings and are given the constant value of c. The boundary conditions for this theory must now take account the motion of the grating relative to the two beams. This gives rise to a phase change between the two beams and the grating. In Kogelnik's theory 2 it is assumed that the reference wave, R, at the input boundary z = 0 has unit amplitude, R(0) =1, and that as it propagates through the grating it couples to the diffracted wave, S. It was also assumed that S(0) = 0. In our model the initial conditions used are 
dx(t)
Time(sec) 
1´10 -8
This motion should be equal for both beams but due to experimental errors and the simplicity of the motion assumed, they do not coincide exactly but have good general agreement as can be seen above in Figure 5 .2.
This frequency change was converted to phase changes by shifting the data so that it was averaged about an axis enabling the points the data crossed the axis to be found. These were then taken to be our zero values. A polynomial fit to the phase change was obtained at the points where the phase equals zero. Fitting the zeros with a cubic polynomial we were able to construct an approximately linear fit to the phase as shown below in Figure From the fit in Equation (5.10) for the motion of the plate, which corresponds to the saturation part of the grating growth curve, predictions can be made about the motion during the first eighty-two seconds (during the growth of the grating). This then gives a rough approximation about the motion of the plate from the moment the shutter opens until the saturation stage is reached. A similarly acceptable fit is found for the I S (t) data.
Similar analysis was carried out for the case where the beam ratio was closer to the ideal beam ratio. In that case the R beam intensity was 0.45mW and the S beam intensity was 0.42mW. The resulting theoretical fit to that data for the S beam is shown in figure 6 .2. Again in this analysis κ i , is assumed to be negligible. 
CONCLUSIONS
It is perhaps worth emphasising that although it may appear that many physical effects could lead to the results presented here, an examination of the experimental situation reduces the number of physically consistant and possible explanations. First the oscillations do not always take place. Second the oscillations have been observed in materials and layers with very different characteristics/properties. Third the variations continue to be observed long after complete bleaching of the dye and polymerisation of all the monomer. In this paper one possible explanation for the modulation of the beams, which can occur for any material or layer, during the recording of a sinusoidal unslanted grating, has been proposed. A first-order analysis of the different sections of the recording process is presented and theoretical models for the main effects have been proposed. The inclusion of the lossy grating into the model was achieved but analysis has still to be produced. A more accurate model for this behaviour is still under development as are improved and more detailed experiments. A complete model will necessitate combining Maxwell's equations including time variation effects, with models describing the grating formation process, for example the non-local polymer driven diffusion (NPDD) model 3, 10 .
